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Abstract.

This paper proposes an integrated optimization-based control framework for floating offshore wind farms (FOWFs) with
reconfigurable layouts. The framework coordinates four farm-level control strategies, that is, turbine repositioning, wake steer-
ing, power derating, and Helix wake mixing, to either (i) maximize total farm power output or (ii) track a prescribed farm-level
power setpoint while mitigating wake effects. This integration is motivated by the fact that individual strategies may be ef-
fective only under specific conditions or broadly effective but not always optimal, whereas their coordinated use can deliver
robust performance improvements across a broad range of operating scenarios. The framework targets FOWFs with recon-
figurable layouts, where turbines are mounted on floating platforms anchored to the seabed with sufficiently long and slack
mooring lines, allowing them to shift within a certain range and thereby enabling controlled positional adjustments. Given the
ambient inflow conditions (wind speed and direction), the framework computes coordinated per-turbine commands, including
yaw angles, derating commands that limit each turbine’s power to not exceed a prescribed value, and mean-to-peak amplitude
of sinusoidal blade-pitch excitation, to meet the farm power requirement and to reduce the wake overlap. Numerical simu-
lations using the flow redirection and induction in steady state (FLORIS) engineering wake model show that the integrated
method consistently outperforms any individual strategy. However, because validation in the FLORIS model remains limited
for cases in which yaw-based control, including turbine repositioning and wake steering, is applied simultaneously with Helix
wake mixing or power derating on the same turbine, the corresponding quantitative gains should be interpreted with caution.
We therefore also considered additional restricted benchmark cases in which these control actions were not assigned together
to the same turbine. These cases provide conservative lower-bound benchmarks for the integrated-control studies, while still
indicating that the main qualitative benefits of the proposed framework are preserved. These findings highlight the potential of
integrated control to enhance the efficiency, flexibility, and adaptability of FOWFs, offering a promising pathway to overcome

the limitations and improve the performance of standalone control methods.

1 Introduction

The global shift toward sustainable energy demands a rapid expansion of offshore wind power, which offers immense potential

for large-scale clean electricity generation. By mounting turbines on buoyant platforms anchored to the seabed, floating off-
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shore wind farms (FOWFs) extend offshore wind development into deepwater regions where fixed-bottom foundations are not
feasible (Musial et al., 2022). This extension opens new geographical markets, allowing deployment in areas far from shore
where winds are stronger and more consistent.

Realizing this potential, however, requires addressing aerodynamic challenges that emerge when turbines are clustered into
farms. In wind farms, upstream turbines extract kinetic energy and generate wakes with reduced wind speed and elevated
turbulence. When these wakes reach downstream turbines, they reduce power production and increase unsteady loading, with
associated fatigue implications. In FOWFs, these consequences can be further amplified because the disturbed inflow can excite
platform motions and shift turbine operating conditions (Xue et al., 2022; Carmo et al., 2024). Such wake-induced effects can
reduce total farm output by up to 20%, reducing project revenue and complicating reliable grid integration (Barthelmie et al.,
2009). Mitigating wake losses is therefore critical to reducing the levelized cost of energy, ensuring stable power delivery, and
meeting the ambitious offshore wind deployment targets set by many nations (Musial et al., 2022).

Wind farm control has been an active area of research for decades, aimed at mitigating wake effects and improving farm-wide
performance (Boersma et al., 2017; Doekemeijer et al., 2019; Kheirabadi and Nagamune, 2019; Andersson et al., 2021; Dong
et al., 2022). In FOWFs, turbine repositioning through passive force generation (Niu et al., 2024; Han et al., 2017; Kheirabadi
and Nagamune, 2020, 2021a, b; Gao et al., 2022; Niu et al., 2023; Jard and Snaiki, 2023; Kilinc, 2022; Mahfouz and Cheng,
2023) has emerged as a particularly promising approach. In this method, floating turbines are dynamically displaced to reduce
wake overlap without the need for dedicated propulsion systems or additional mechanical actuators. Specifically, the displace-
ment is achieved by exploiting aerodynamic forces on the rotor plane, for example, through intentional yaw misalignment,
to generate thrust forces in the desired direction of motion. When combined with sufficiently long and slack mooring lines,
these forces induce platform drift, enabling turbines to relocate to positions more favorable for both energy production and
fatigue load reduction. Notably, a nonzero yaw offset is required to be sustained to balance mooring restoring forces at the
repositioned position. Sustained yaw offsets can alter both mean and cyclic component loads (e.g., blade-root bending mo-
ments and tower loads) and thus influence fatigue (Damiani et al., 2018); quantifying these fatigue implications is beyond the
scope of the present study. Compared with propulsion-based repositioning methods, this passive strategy requires significantly
less additional energy input and relies solely on actuators already available in modern utility-scale wind turbines, making it an
attractive option for future deployment.

Despite its potential, this repositioning method has an inherent limitation: the achievable crosswind displacement depends
strongly on wind direction, which affects the tensions in the mooring lines. For a symmetric three-line mooring system, when
the wind direction leads to a distribution in which only one mooring line becomes predominantly load-bearing while the
other two lines slacken, the platform can drift laterally with relatively little resistance, enabling substantial repositioning and
corresponding performance improvements (Kheirabadi and Nagamune, 2020). By contrast, when the wind direction results in
two mooring lines remaining in tension, the restoring stiffness of the mooring system rises sharply, restricting the platform’s
ability to move sideways. In such cases, the scope for crosswind repositioning diminishes, and the effectiveness of repositioning
as a standalone strategy also becomes limited. One solution to overcome this limitation is to optimize farm layout prior to

installation by carefully determining mooring line orientations across turbines so that at least a subset of turbines maintains
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sufficient mobility under any wind condition, as studied in Froese et al. (2022). In contrast, the present study focuses on how
to overcome this limitation assuming that the farm layout is already fixed after installation.

To overcome this limitation, turbine repositioning can be integrated with other established wind farm control strategies,
namely wake steering (Burton et al., 2011; Fleming et al., 2015), power derating (Steinbuch et al., 1988; Johnson and Thomas,
2009), and dynamic wake mixing (Goit and Meyers, 2015; van den Berg et al., 2024; Dammann et al., 2025; van Vondelen
et al., 2025; van Vondelen et al., 2026). Specifically, wake steering redirects wakes away from downstream turbines by inten-
tionally yawing upstream turbines, thereby reducing energy losses when repositioning cannot achieve sufficient lateral offset.
Power derating lowers the thrust of selected upstream turbines, weakening their wakes and alleviating downstream loading.
Wake mixing enhances turbulent diffusion by promoting the entrainment of high-energy ambient flow into the wake, thereby
accelerating wake recovery and improving inflow conditions for downstream turbines (van den Berg et al., 2024). Wake mix-
ing can be implemented through blade pitch actuation and is categorized into Pulse method (collective pitch modulation)
and Helix method (individual pitch modulation); a comparison of the resulting wake structures for both methods is provided
in Fig. 2 in van den Berg et al. (2024). In this paper, “dynamic wake mixing” refers to Helix wake mixing realized via periodic
individual-blade pitch excitation. Note that, in the wake-mixing studies (Goit and Meyers, 2015; van den Berg et al., 2024;
Dammann et al., 2025; van Vondelen et al., 2025; van Vondelen et al., 2026), wake mixing was not applied simultaneously
with other strategies. Taken together, these methods mitigate wake interactions through mechanisms that do not rely on large
platform displacements and therefore remain effective even when repositioning mobility is constrained.

In this study, we propose an integrated wind farm controller for FOWFs with reconfigurable layouts that unifies turbine repo-
sitioning, wake steering, power derating, and dynamic wake mixing within a single optimization framework. The controller
formulates wind farm control as an optimal control problem, to be solved using available measurements of free-stream wind
speed and wind direction together with a prescribed farm-level power reference from the grid. The framework is designed to
operate in two distinct modes, reflecting the main requirements of wind farm operation. In power maximization mode, the ob-
jective is to maximize total farm power output, which is critical when the grid demands as much renewable power as possible.
In power regulation mode, the objective is to track a prescribed wind farm power setpoint while simultaneously mitigating wake
interactions, which is essential for grid stability. To achieve these objectives, the controller computes coordinated commands
including the yaw angle (the angle between the incoming wind direction and the rotor axis), the maximum allowable power
output for derating, and the Helix excitation amplitude (mean-to-peak individual-blade pitch modulation) for each turbine, and
dispatches them to the corresponding turbine-level controllers for execution. The proposed approach is evaluated using the
flow redirection and induction in steady state (FLORIS) engineering wake model (National Renewable Energy Laboratory, a),
augmented with a steady-state turbine position solver. This study focuses on steady-state (time-averaged) farm-level aerody-
namic performance; transient wake dynamics are beyond the scope of the present FLORIS-based evaluation. Simulation results
across diverse wind conditions demonstrate that the integrated controller consistently outperforms any single control strategy.
Nevertheless, the current FLORIS model has limited validation for operating conditions in which yaw-based control, including
turbine repositioning and wake steering, is used on the same turbine together with Helix wake mixing or power derating. Ac-

cordingly, the corresponding quantitative improvements should be interpreted with appropriate caution. To further strengthen
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the assessment, we also introduced restricted benchmark cases in which such combinations were excluded. These benchmarks
provide conservative lower bounds for the integrated-control studies and still demonstrate the main qualitative advantages of
the proposed framework. These results underscore the potential of integrated control to enhance farm performance, reduce
operational costs, and strengthen the economic viability of large-scale deployment of reconfigurable FOWFs.

The remainder of the paper is organized as follows. Section 2 formulates the control problem for FOWFs with reconfigurable
layouts. To address this problem, Sect. 3 presents the design of the integrated FOWF controller. Section 4 then evaluates
the proposed controller through numerical simulations and provides a detailed analysis of its performance. Finally, Sect. 5

summarizes the main findings and outlines future research directions.

2 Control Problem Formulation for FOWFs with Reconfigurable Layouts

This section formulates the control problem for FOWFs with reconfigurable layouts (Sect. 2.1). Specifically, we seek to de-
sign a wind farm controller that computes coordinated control inputs for the individual turbine controllers based on available
information (Sect. 2.2), in order to achieve desired control objectives (Sect. 2.3). An illustrative example of this setup is shown
in Fig. 1, which depicts an example FOWF equipped with a supervisory wind farm controller. This schematic will serve as a

reference throughout the formulation in this section.
2.1 FOWFs with Reconfigurable Layouts

Consider first the case of an FOWF without centralized coordination. Suppose N turbines are initially aligned in a row, as
shown in the center-blue box of Fig. 1. The inflow is assumed steady and unidirectional, approaching from the left and first
interacting with turbine 1. Because each turbine is mounted on a floating platform, its absolute position is not fixed; instead,
the wind pushes the platform to a steady-state equilibrium where aerodynamic thrust is balanced by restoring forces from the
mooring lines. At this equilibrium, turbine 1 not only extracts energy from the flow at its rotor plane but also generates a wake
of reduced wind speed, shown as a shaded gray region, which propagates downstream and interacts with turbine 2. This wake
affects both the steady-state position and the power output of turbine 2. Turbine 2, in turn, moves to its steady-state equilibrium
and produces its own wake (darker shade), further influencing subsequent turbines. This process continues across the farm,
leading to cumulative wake interactions that reduce total energy production and impose unsteady loads on downstream rotors.

The inherent mobility of floating offshore wind turbines provides an opportunity to alleviate these wake-induced power
losses and load increases. As shown in Fig. 2(a) and (b), each turbine is mounted on a buoyant platform anchored to the
seabed by mooring lines, which, if sufficiently long and slack, allow the platform to shift within a certain region. Controlled
repositioning (Fig. 2(c)) can then be achieved by intentionally yawing the rotor out of alignment with the incoming wind,
generating a lateral aerodynamic thrust that displaces the turbine to a new steady-state position. This mobility enables wind

farm layouts to adapt dynamically to changing wind conditions, turbine health, and power requirements.
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Figure 1. Schematic of the control problem for an FOWF with a supervisory wind farm controller. In the baseline layout (center-blue
box), turbines mounted on floating platforms settle to steady-state equilibrium positions where aerodynamic loading is balanced by mooring
restoring forces; shaded regions illustrate wakes and wake overlap. The farm controller (top-green box) receives farm-level information
(a grid power reference P and inflow condition v__), and dispatches coordinated turbine commands u,,7 = 1,..., N to the turbine-level
controllers. The resulting reconfigured layout (bottom-red box) illustrates how coordinated actions can reduce wake overlap and improve

farm-level performance.

To fully exploit this repositioning capability and prevent the farm from operating at reduced efficiency under cumulative
wake interactions, a supervisory wind farm controller is required. Such a controller can compute coordinated inputs for all

turbines using the available farm-level information, thereby mitigating wake losses and improving overall performance.
2.2 Available Information and Control Inputs

The supervisory wind farm controller, shown in the top-green box of Fig. 1, is responsible for coordinating the operation of
all turbines within the farm. It is assumed to have access to two key pieces of information: the farm-level power reference

Prer (MW) provided by the grid, and the two-dimensional free-stream wind velocity v (m/s) at hub height, defined as

T
v = [Uoo,m voo’y} . (1)
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Figure 2. Floating offshore wind turbine repositioning mechanism. (a) Front view and (b) side view highlight that the platform is not rigidly
fixed to the seabed, allowing horizontal motion within a bounded region. (c) By introducing a yaw misalignment, the rotor thrust gains a
lateral component that displaces the platform to a new steady-state equilibrium where aerodynamic loading is balanced by mooring restoring
forces. This mobility enables layout reconfiguration in response to wind conditions and can be leveraged to reduce wake overlap at the farm

level.

In the implementation of the controller, the free-stream wind speed at the hub height which is difficult to measure in practice is
replaced by the rotor-effective wind speed estimate of the most upstream turbine. This estimate can be obtained from standard
turbine measurements or via lidar-assisted methods (@stergaard et al., 2007; Soltani et al., 2013; Held and Mann, 2019; Schlipf
et al., 2013; Lio et al., 2021; Pamososuryo et al., 2025).

Based on this information, the controller computes coordinated control inputs u, for all N turbines, where u; denotes the
control input vector for turbine 7 with ¢ = 1,..., V. The specific components of u; are introduced later in Sect. 3. At this stage,
it suffices to note that u,; represents the control actions commanded by the wind farm controller, specifying how each turbine
should operate or be repositioned. Once computed, these inputs are dispatched to the individual turbine controllers (Fig. 1),
which then execute the prescribed actions at the local level. To compute these coordinated inputs, the wind farm controller

must first be provided with the farm-level objectives that define the desired overall behavior of the farm.
2.3 Control Objectives for Wind Farm Controller

Through the available control inputs u;, the wind farm controller can pursue objectives that balance energy production with

load mitigation. In this work, the control problem is formulated around two primary objectives:
— Power maximization: maximize the total electrical power output of the wind farm.

— Power regulation: adjust farm power to track a prescribed reference P¢. In this mode, wake mitigation is treated as an

additional objective.
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Power maximization is central to commercial wind farm operation, as maximizing energy capture directly improves eco-
nomic returns and reduces the cost of electricity. Power regulation is particularly relevant for grid integration, where wind
farms may be required to provide power setpoints consistent with system-level scheduling or ancillary service needs (Aho
et al., 2012). When operating in regulation mode, the controller additionally seeks to mitigate wake effects, thereby improving
downstream flow conditions and reducing fatigue loading on downstream turbines.

The resulting problem is therefore to design a wind farm controller (Fig. 1) that, based on the available measurements P¢
and v, computes optimal control inputs u;. These inputs are dispatched to individual turbine controllers to achieve one of the
power objectives, while also mitigating wake effects. For example, as shown in the bottom-red box of Fig. 1, the coordinated
control inputs instruct turbine 1 to maintain its position, while directing turbines 2 through NV to displace in alternate crosswind
directions to reduce wake overlaps. Through this cooperative adjustment, the turbines collectively reshape the flow field,
mitigate wake interactions, and redistribute power generation across the farm. The result is a reconfigured wind farm layout in
which all turbines act in harmony at new steady states. The detailed wind farm controller design is presented in the following

section.

3 Integrated Wind Farm Controller Design

To achieve the control objectives outlined in Sect. 2.3, we develop an integrated wind farm controller that unifies existing
control strategies within an optimization-based framework. The remainder of this section is organized as follows. Section 3.1
reviews the individual strategies that serve as building blocks of the integrated approach, while Sect. 3.2 presents the detailed

design of the integrated controller.
3.1 Integrated Control Approach

Wake interactions reduce downstream power production and increase fatigue-relevant loading (see Fig. 3(a)), motivating co-
ordinated wind farm control. In this work, we manipulate a set of available turbine-level inputs to mitigate wake overlap and

improve farm-level performance. For each turbine ¢, the control input vector introduced in Sect. 2.2 is defined as

T
U; = 91 Pset,z' ﬂamp,i] ) (2)

where 0; (deg) is the net yaw angle (the misalignment between the incoming wind direction and the rotor axis), Pie,; (MW)
is the power cap used to implement derating (i.e., turbine % is operated such that its power output does not exceed P ;), and
Bamp,: (deg) is the mean-to-peak amplitude of the sinusoidal blade-pitch excitation used for Helix wake mixing at turbine 7 (7 =
1,...,.N). To avoid confusion, we distinguish turbine-level derating, implemented via Py ;, from farm-level power regulation,
which refers to tracking a prescribed farm power reference P through coordinated turbine commands. The remainder of this

subsection reviews each control strategy in Fig. 3 and the ways in which each strategy manipulates these control inputs.
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Figure 3. Illustration of wake effects and wind farm control strategies: (a) wake effects, (b) turbine repositioning, (c) wake steering, and (d)

power derating and dynamic wake mixing.

3.1.1 Turbine Repositioning

Turbine repositioning sustains a net yaw angle € misalignment to generate lateral thrust forces, displacing the floating platform
to a new equilibrium (Fig. 3(b)). The net yaw angle 6 quantifies the misalignment between the rotor plane and the incoming
wind direction. It is defined as the sum of the nacelle yaw angle v (deg) and the platform yaw angle 6, (deg), minus the inflow

direction Zv_ (Fig. 4):
0=~v+0,—ZLv,,. 3)

By shifting the turbine laterally to the displaced equilibrium, repositioning can reduce the overlap between upstream wakes
and downstream rotors, thereby enhancing energy capture and mitigating wake losses.
Despite its potential, the repositioning capability of each turbine in a farm may be limited depending on wind conditions.

For the symmetric three-line mooring system in Fig. 5(a), assume that the wind blows from left to right and the net yaw angle
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Figure 4. Definition of the net yaw angle 6, which quantifies the rotor-plane misalignment relative to the incoming wind direction.

is set to # = 0. The turbine drifts downwind to an equilibrium where the wind-aligned mooring line becomes load-bearing and
the other two lines slacken; consequently, crosswind motion encounters relatively little resistance and substantial repositioning
becomes possible. By contrast, when the wind blows from right to left (Fig. 5(b)), the two right-side mooring lines remain
taut and jointly oppose the motion, which increases restoring stiffness and severely restricts lateral displacement, reducing
the effectiveness of repositioning. This directional dependence motivates augmenting repositioning with additional strategies,

including wake steering, power derating, and dynamic wake mixing.

a net yaw angle induces
small crosswind displacement

a net yaw angle induces
large crosswind displacement

A A A A A

mooring lines
are taut

mooring lines
are slack
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Figure 5. Illustration of a limitation of turbine repositioning. (a) Wind from left to right: one mooring line is primarily load-bearing while
the other two slacken, allowing relatively unconstrained crosswind motion. (b) Wind from right to left: two mooring lines remain taut and

oppose the motion, limiting crosswind displacement.

3.1.2 Other Standalone and Integrated Control Methods

When platform mobility is limited, the same net yaw angle 6 can be used to deflect the wake laterally without displacing the
platform (Fig. 3(c)). This deliberate misalignment steers the wake away from the downstream turbine, improving its inflow
conditions. Power derating constrains turbines to prescribed power caps Pk, thereby reducing wake deficits and alleviating
downstream impacts (Fig. 3(d)). Dynamic wake mixing (Fig. 3(d)) enhances turbulent diffusion to accelerate wake recovery.

In this study, wake mixing is realized using FLORIS’s Helix mode (periodic individual blade-pitch actuation), with the wake-
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mixing intensity parameterized by the mean-to-peak excitation amplitude Samp (van den Berg et al., 2024; Dammann et al.,
2025; van Vondelen et al., 2025; van Vondelen et al., 2026).

While each strategy provides distinct benefits, their combined application enables more flexible and effective farm-wide
operation across diverse wind conditions. By integrating turbine repositioning, wake steering, power derating, and dynamic
wake mixing within a unified optimization framework, the controller can adaptively select and coordinate strategies based on
wind conditions and control objectives. This improves robustness in the practical sense that the controller can still mitigate
wakes and meet farm-level goals even when one strategy is less effective. For example, when platform mobility is high,

repositioning can be prioritized, whereas in constrained orientations, wake steering and dynamic wake mixing can take over.
3.2 Integrated Controller Design

The integrated controller computes the optimal control inputs u; by solving a constrained optimization problem formulated as

ml}n J(U) (4a)
s.t.  Wake model: (P, V,C;) = froris(U, X, v..), (4b)
Equilibrium constraint: ., ;(v;,Ct i) + Fipoori(2;) =0, i=1,...,N, (4c)
Operational constraint: w,;, < %; < Uy ¢=1,...,N. (4d)

Here, the control input vector u; is defined in (2), and z; = [x; y;]7 denotes the steady-state horizontal position of turbine i. We
stack these variables as U = [ul,--- juX]7 and X = [z7,--- ,2%]7. Similarly, P = [Py,---, Py]T, V=[], [ v%]7, and
C;=[Ci1, - ,Cy |7 stack the turbine powers, inflow velocities, and thrust coefficients. The function J(-) in (4a) denotes the
objective function that encodes the control objectives (Sect. 3.2.1). The wake model froris(-) in (4b) captures aerodynamic
interactions among turbines and predicts steady-state power production (Sect. 3.2.2). The constraints in (4c) and (4d) include
equilibrium conditions balancing aerodynamic and mooring forces, as well as operational limits on the inputs (Sect. 3.2.3).

The resulting nonlinear nonconvex problem is solved numerically using the methods described in Sect. 3.2.4.
3.2.1 Objective Function

The objective function J(-) in (4a) is defined as

N N

J(U)=(Per— > _P)*+w v, — vl (5)
=1

i=1
This objective function balances competing control objectives through weighted penalties. The first term enforces power-
related objectives: for power maximization, the wind farm’s reference power P,¢ can be set to a sufficiently high (possibly
unattainable) upper-bound target, such as the sum of rated turbine powers, whereas for power regulation it corresponds to a
prescribed farm-level target. Deviations of the actual output Zf\;l P; from this reference are penalized accordingly. The second

term promotes wake mitigation by penalizing discrepancies between the free-stream wind velocity v and the local velocity

10



v, at the rotor of turbine 7. Collectively, these terms enable the controller to satisfy power objectives while simultaneously
230 reducing wake interactions. The power-tracking term and the wake-mitigation term in (5) have different units and typical
magnitudes; therefore, the constant weight w is a key design parameter. It is to be selected via trial and error to balance the

relative influence of the two terms.
3.2.2 Wake Model

The turbine powers P, inflow velocities V, and thrust coefficients C; in (4b) are predicted using FLORIS (National Renewable
235 Energy Laboratory, a), an engineering wake model developed by the U.S. National Renewable Energy Laboratory, which takes
as inputs the stacked control vector U, turbine locations X, and free-stream wind condition v_. FLORIS is computationally
efficient, making it well suited for embedding in the proposed optimization-based controller. The wake-model components
used in FLORIS, the implementation of the wind farm control methods in the model, and relevant modeling limitations are
summarized next.
240 In this study, wake effects in FLORIS are represented by four submodels, each used with the default parameter values

provided by FLORIS (National Renewable Energy Laboratory, a):

— Velocity deficit model: For the wake velocity deficit, we use the empirical Gaussian wake model, which assumes a

Gaussian distribution of the velocity deficit (Bastankhah and Porté-Agel, 2016; King et al., 2021).

— Wake deflection model: Wake deflection is computed using FLORIS’s empirical Gaussian deflection model based on

245 yaw-misalignment wake-deflection formulations (Bastankhah and Porté-Agel, 2016; King et al., 2021).

— Wake turbulence model: To account for added turbulence in turbine wakes, we employ the wake-induced mixing
model in FLORIS, which generalizes wake-added turbulence in the empirical Gaussian wake model (National Renewable
Energy Laboratory, b). In this model, upstream turbines contribute to mixing in the flow, yielding a wake-induced mixing
factor that is passed to the velocity deficit and wake deflection models to modify the wake width and the wake-centerline

250 deflection, respectively.

— Wake combination model: Wake effects from multiple turbines are combined using the sum-of-squares freestream

superposition model (National Renewable Energy Laboratory, c).
The wind farm control methods are implemented in FLORIS through the control inputs U as follows:

— Wake steering: Wake steering is implemented by prescribing yaw misalignment commands 6;, which modify turbine

255 power/thrust and the resulting wake deflection in a steady-state sense.

— Turbine repositioning: Turbine repositioning is represented by the same yaw commands 6; but is coupled with a steady-
state turbine position solver (see Sect. 3.2.4) that enforces static equilibrium between aerodynamic loading and mooring
restoring forces to update the turbine positions. The updated positions are then evaluated in FLORIS, thereby changing

wake overlap and farm performance.

11
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— Power derating: Power derating is implemented by prescribing a per-turbine power cap Py ;. This setpoint is passed to
FLORIS’s “simple-derating” turbine operation model, which first evaluates the turbine power P; and thrust coefficient
from the power-thrust table at the local inflow and then enforces the cap as P; <— min{P;, Py ;}. When the cap limits

the power output, FLORIS reduces the turbine thrust coefficient accordingly to reflect the curtailed operating point.

— Helix wake mixing: Helix wake mixing is represented using FLORIS’s built-in active wake control “helix” operation
model, which parameterizes the time-averaged impact of helix pitch excitation on turbine power/thrust and wake recovery

and has been calibrated in FLORIS as a standalone wake-mixing representation.

It should be noted that FLORIS has not yet been extensively validated for cases in which a turbine is simultaneously yaw-
misaligned and operated in either derated mode or active wake-mixing mode. In our optimization framework, we nevertheless
allow yaw misalignment to be applied concurrently with either power derating or Helix wake mixing for each turbine. Under
such combined operation, FLORIS predicts steady-state changes in turbine power/thrust, wake deflection, and wake recovery;
however, the corresponding results should be interpreted with this validation limitation in mind. Moreover, when wake steering
and power derating/Helix wake mixing are applied simultaneously, yaw-induced power loss is not captured (as observed in our
simulations) in the FLORIS prediction; therefore, to avoid overestimating power capture under yaw misalignment, we apply
a yaw-power loss correction for yawed turbines, P; + P;(cos6;)P”, with a parameter value pp = 1.88 (Gebraad et al., 2016).

For yaw-only wake-steering/turbine-repositioning cases, we do not apply this additional correction to avoid double counting.
3.2.3 Constraints

The optimization problem incorporates both equilibrium and operational constraints in (4c) and (4d). First, each turbine must
satisfy static force equilibrium between the aerodynamic thrust and the restoring forces of the mooring system to maintain its

steady-state position. The aerodynamic thrust force on turbine : is given by

1
Ea = ipA”Qi”Ct}iﬂiy (6)

ero, %

where p (kg/m?) is the air density, A (m?) is the rotor swept area, v, (m/s) is the inflow velocity at the rotor plane, and Cti(-)is

and u which

min “max>

the thrust coefficient. In addition, all control inputs are constrained by minimum and maximum bounds, u.

ensure u, remains within physically realizable and safe operating ranges.
3.2.4 Solution Method and Implementation

The wake model and the force equilibrium in (4) are solved simultaneously using an iterative procedure. Given the free-stream
wind velocity v, and candidate control inputs U, an initial guess of the turbine positions X is provided to FLORIS to compute

the local velocities 'V, thrust coefficients C, and turbine powers P. The aerodynamic thrust forces F,,, ; are then computed

from V and C; using (6). Next, for each turbine, the mooring restoring force F’ required to satisfy the equilibrium

moor, %
constraint (4c) is determined, and a precomputed look-up table generated from a quasi-static mooring model (Jonkman, 2009)

is used to update the corresponding turbine positions X. The updated positions are fed back into FLORIS to recompute V,

12
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C;, and P, and the iteration continues until the turbine positions converge. Once convergence is achieved, the converged P
and V are used to evaluate the objective function in (5). Overall, the optimization problem formulated in (4) is nonlinear and
nonconvex because of the complex wake interactions and spatial constraints, which can be solved using a global optimization
solver. The next section presents simulation results that demonstrate the performance of the proposed controller under a wide

range of wind conditions.

4 Simulation Results

This section evaluates the performance of the wind farm controller through simulations conducted with the FLORIS engineer-
ing wake model. The simulations serve as a validation of the optimization framework developed in Sect. 3, demonstrating the
controller’s ability to maximize total power output and regulate farm-level power to a desired reference. In addition, they assess
how effectively the controller mitigates wake effects. We first describe the simulation setup (Sect. 4.1), before presenting and

discussing the comprehensive results (Sect. 4.2).
4.1 Simulation Setup

The case study considers an FOWF with a reconfigurable layout comprising 10 turbines. The farm layout is shown in Fig. 6,
which annotates the turbine indexing together with the corresponding neutral (no-wind) coordinates (z:/D,y/D) for each
turbine (D = 126 m). Each turbine is modeled as the NREL SMW offshore reference wind turbine (Jonkman et al., 2009)
mounted on a semisubmersible platform (Robertson et al., 2014). Turbine, platform, and mooring system parameters follow
the standard specifications in (Jonkman et al., 2009; Robertson et al., 2014), with one key modification: the mooring line length
is extended to 970 m. This extension expands the feasible motion range of each turbine, enabling controlled repositioning and
allowing the wind farm layout to adapt dynamically to changing wind conditions.

The admissible control inputs in (4d) are defined as u,,;, = [—20, 0, 0] and u,, = [20, 5, 5]7. The control bounds are
chosen to span a representative operating range for each strategy. The proposed coordination framework is evaluated in FLORIS
for farm-level aerodynamic performance and does not explicitly quantify structural load or fatigue impacts of sustained yaw
misalignment. To avoid excess fatigue loads, the net yaw offset is constrained to |0] < 20 degrees; a coupled aeroelastic anal-
ysis (e.g., OpenFAST/FAST.Farm) is required in future work to assess the associated loading and fatigue implications. The
derating command is bounded as Psc¢; € [0, 5] MW, where Pie ; =5 MW corresponds to no derating and lower values im-
pose curtailment. The Helix excitation amplitude is bounded to Bamp; € [0, 5] degrees, where Bamp,s = 0 corresponds to no
wake-mixing actuation and the upper bound is consistent with excitation levels reported in prior studies (e.g., up to 4 degrees
in van den Berg et al. (2024) and up to 5 degrees in Dammann et al. (2025)).

For the numerical studies in this work, we solve (4) using a standard genetic algorithm as implemented in pymoo (Blank and
Deb, 2020). The single-objective genetic algorithm was run with a population size of 80 and a maximum of 80 generations.
For the considered case studies, the wall-clock time per optimization run was on the order of 15 minutes on a Windows 11
workstation with an Intel Core i9-13900HX CPU (24 cores/32 threads) and 32 GB RAM.
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Figure 6. Case-study 10-turbine FOWF layout used in the simulations. The schematic indicates the turbine indexing and the corresponding

neutral (no-wind) coordinates (x/D, y/D) for each turbine (D = 126 m); the drawing is illustrative and not to scale.

4.2 Results
4.2.1 Power Maximization: Performance Over Wind Direction

The proposed integrated controller, which combines turbine repositioning, wake steering, and dynamic wake mixing, is bench-
marked against (i) a combined repositioning + wake steering case, (ii) wake steering only, (iii) dynamic wake mixing only,
and (iv) greedy control. Here, greedy control refers to the baseline operation in which each turbine independently maximizes
its own power production without coordination across the farm. A “repositioning only” case is not considered because, in
this study, repositioning is achieved through net yaw offsets that modify the aerodynamic thrust direction to induce crosswind
drift; the same yaw offsets inevitably steer the wake, so repositioning cannot be decoupled from wake steering. For the wake-
steering-only and wake-mixing-only benchmarks, all turbines are held at their neutral (no-wind) positions. Power derating is
excluded from this comparison because FLORIS simulations consistently show that it produces lower total output than greedy
control across all wind speeds and inter-turbine spacings.

Fig. 7 shows the maximum achievable farm power for steady inflow wind speeds of 4, 6, 8, and 10 m/s as the inflow
direction is swept over the full 0-360 degrees range (without wind-rose probability weighting). Wind direction is defined
clockwise from the top of the wind farm (0 degrees at the top). All simulations assume an ambient turbulence intensity of
0.06, a power-law vertical shear exponent of 0.12, and zero wind veer. Ocean wave effects are neglected. Each plot compares
the different strategies, with the numbers displayed inside each plot indicating the wind farm power in megawatts. Results at
higher wind speeds are omitted because even greedy control alone delivers rated farm power despite wake overlaps.

Under greedy control, farm power exhibits a strong dependence on inflow direction, with pronounced deficits at directions
that align multiple turbines with the wind and thus intensify wake overlap (seen as deep “notches” in the black curve). In

these wake-dominated sectors, the integrated controller yields the largest benefits by filling in the troughs and recovering
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Figure 7. Maximum achievable farm power as a function of inflow wind direction for four steady wind speeds: (a) 4 m/s, (b) 6 m/s, (c) 8 m/s,
and (d) 10 m/s. Each polar plot compares the optimized farm power (MW; numbers annotated inside the plots) obtained under integrated
control (turbine repositioning + wake steering + dynamic wake mixing), wake steering + repositioning, wake steering only, dynamic wake
mixing only, and greedy control. Direction-dependent “notches” indicate inflow directions with severe wake effects and associated power
deficits under greedy operation. Across wind speeds, the integrated controller consistently mitigates wake effects and provides the highest

power envelope over direction, illustrating the benefit of coordinated control mechanisms.
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several megawatts at 10 m/s, with similarly scaled gains at lower wind speeds. In contrast, for directions associated with weak
wake interactions, the strategy curves nearly collapse, indicating that all approaches converge when there is little wake loss to
mitigate.

A comparison of the benchmark strategies in Fig. 7 further highlights the value of coordination. In all four subplots (a)—(d),
the integrated controller (blue line) delivers the highest power across directions by adaptively combining control mechanisms.
The wake steering + repositioning case (orange line) generally remains close to the integrated control envelope, indicating
that combining crosswind mobility with wake deflection captures much of the attainable improvement for this layout. Wake
steering (green line) and dynamic wake mixing (red line) each provide clear improvements over greedy control (black line)

while largely preserving the same direction-dependent performance pattern.
4.2.2 Power Maximization: Direction-Averaged Performance

To summarize overall performance across directions, Fig. 8 reports the average maximum farm power over all wind directions
for inflow speeds between 4 and 10 m/s, expressed as the percentage change relative to greedy control. Several trends are evi-
dent. First, all strategies yield positive mean gains, indicating that wake-mitigation actions provide net benefits when averaged
over the full 0-360 degrees direction sweep. Second, the fully integrated controller achieves the largest improvement at every
wind speed, with the highest gain at 4 m/s (up to 6.5%) and gains remaining around 3.9% at 10 m/s.

At the same time, as discussed in Sect. 3.2.2, the simultaneous use of yaw-based control and Helix wake mixing is more
complex than the standalone application of either method, and this combined operation has not been extensively validated in
the present FLORIS model. Therefore, the fully integrated case may provide optimistic quantitative estimates of the achievable
performance gains. To further assess the main conclusions, Fig. 8 also includes a restricted integrated-control case that provides
a conservative lower-bound benchmark for the fully integrated study. In this restricted case, for each wind direction, all turbines
in the farm are constrained to use the same control method, either yaw-based control (turbine repositioning/wake steering) or
Helix wake mixing. The chosen method may vary with wind direction, but the two methods are not used together within a given
wind-direction case. Even under this restriction, excluding the simultaneous same-turbine use of yaw-based control and Helix
wake mixing does not eliminate the benefit of integrated control, although the resulting gains are smaller than those of the fully
integrated case. These results indicate that the main qualitative benefit of the proposed integrated framework is preserved.

Among the remaining strategies, wake steering + repositioning provides the next-highest gains, followed by wake steering,
and then dynamic wake mixing. The separation between wake steering + repositioning and wake steering alone highlights the
additional value of exploiting crosswind mobility to reduce wake overlap beyond what can be achieved through wake deflection

alone.
4.2.3 Power Maximization: Representative Cases

To further illustrate how the integrated approach coordinates different strategies, Fig. 9 presents two representative power-
maximization cases at an inflow speed of 10 m/s. Panels (a)—(c) correspond to wind from the left, and panels (d)—(f) correspond

to wind from the lower-left. For each inflow direction, panels (a) and (d) show the hub-height wind-speed field under greedy
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Figure 8. Average improvement in maximum farm power over the full 0-360 degrees inflow-direction sweep for wind speeds of 4—-10 m/s,
expressed as percent change relative to greedy control. Bars compare dynamic wake mixing, wake steering, wake steering + repositioning, a
restricted integrated-control case, and the fully integrated-control case. In the restricted integrated-control case, for each wind direction, all
turbines in the farm are constrained to use the same control method, either yaw-based control (turbine repositioning/wake steering) or Helix
wake mixing. The selected method may vary with wind direction, but the two methods are not used together within any given wind-direction
case. The restricted case is included to provide a conservative benchmark for assessing the influence of excluding simultaneous same-turbine

yaw-based control and Helix wake mixing.

control, and panels (b) and (e) show the corresponding field under integrated control. In the left-inflow case, the farm power
increases from 29.8 MW under greedy control to 33.7 MW under integrated control (+13.1%); in the lower-left case, it increases
from 26.0 MW to 27.6 MW (+6.2%). Color denotes wind speed (red: near free-stream; white/blue: wake deficits), and the
numbers annotated near each turbine report the corresponding local turbine inflow velocity. Panels (c) and (f) summarize the
integrated-control solution with per-turbine bar plots of net yaw angle, Helix excitation amplitude, and crosswind displacement.
The net yaw angle and Helix excitation amplitude are normalized by their maximum allowable magnitudes (20 degrees and
5 degrees), and the crosswind displacement is normalized by 120 m, chosen as a representative large lateral repositioning.
Bars close to zero indicate negligible utilization of that strategy for a given turbine, whereas larger magnitudes indicate greater
control effort. For yaw and displacement, bars extending above (below) zero correspond to positive (negative) values, indicating
opposite yaw offsets and crosswind shift directions.

In Fig. 9(a)—(c), where the wind originates from the left, turbines have substantial crosswind mobility. Consequently, turbine
repositioning is prioritized to mitigate wake effects and enhance overall farm power. For example, to reduce wake interactions
among T1, T3, and TS5, T1 applies a negative net yaw angle to shift downward, T3 remains almost at the same position, and
TS5 applies a positive net yaw angle to shift upward. As a result, all three turbines gain access to near free-stream wind and

generate higher overall power. Similarly, wake interactions between T2 and T7, as well as between T8 and T10, are alleviated
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Figure 9. Representative power-maximization results at an inflow speed of 10 m/s for two inflow directions. Panels (a)-(c) correspond to
wind from the left, and panels (d)—(f) correspond to wind from the lower-left. For each case, panels (a) and (d) show the hub-height wind-
speed field under greedy control, and panels (b) and (e) show the corresponding field under integrated control. Color denotes wind speed
(red: near free-stream; white/blue: wake deficits), and the numbers annotated near each turbine indicate the corresponding local turbine inflow
velocity. Panels (c) and (f) summarize the integrated control solution with per-turbine bar plots of net yaw angle, Helix excitation amplitude,
and crosswind displacement. These quantities are normalized by 20 degrees, 5 degrees, and 120 m, respectively; bars close to zero indicate
negligible use, whereas larger magnitudes indicate greater control effort, and bars above/below zero indicate opposite yaw/displacement
directions. With substantial crosswind mobility in the left-inflow case, the controller primarily exploits repositioning to reduce wake overlap
and maximize farm power. With limited crosswind mobility in the lower-left inflow case, the controller relies on wake steering and Helix

wake mixing to mitigate wake effects.

by repositioning the turbines in opposite crosswind directions. T9 experiences a mild wake influence; although the annotated
inflow speed is 10 m/s, this value is rounded and the true inflow is slightly below the free-stream speed. Accordingly, T4
and T9 exhibit small opposite crosswind shifts (as seen in the small orange bars in panel (c)) to further reduce wake overlap.

Meanwhile, T6 is neither waked nor a wake source for downstream turbines, and therefore remains unchanged.
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When the wind originates from the lower-left (Fig. 9(d)—(f)), crosswind mobility is limited, and wake steering together with
dynamic wake mixing become the dominant strategies. To mitigate wake interactions among T1, T2, T4, T6, and T8, T1 and
T2 rely on a combination of wake steering and dynamic wake mixing, while T4 and T6 employ wake steering alone. T8, being
the most downstream turbine, makes only a small adjustment. In addition, TS applies dynamic wake mixing accompanied by a
small yaw offset to enhance the inflow to T10; T10 itself applies no control action. The remaining T3, T7, and T9 are unaffected
by wakes and therefore remain unchanged.

Overall, these cases highlight how the integrated controller adaptively coordinates strategies to maximize performance under

varying wind conditions.
4.2.4 Power Regulation with Wake Penalties

This case study examines farm-level power regulation with an added wake-overlap penalty, where the integrated controller
coordinates turbine repositioning, wake steering, and power derating. The constant weight in (5) is set to w = 800. Results are
reported for a below-rated inflow speed of 10 m/s under two representative inflow directions, with corresponding farm-level
power references (Pof = 32 MW for inflow from the left and P, = 27 MW for inflow from the lower-left); see Fig. 10. In
both cases, the controller closely tracks the prescribed reference. The figure format matches the power-maximization cases,
except that panel (c)/(f) replaces the Helix excitation amplitude with the normalized derating level (5 MW — Pyt ;) /5 MW.

For inflow from the left (Fig. 10(a)—(c)), greedy control produces clear wake deficits for T3, TS5, T7, and T10, whose
annotated inflows drop to 8.1, 8.9, 8.6, and 8.9 m/s, respectively, while the remaining turbines stay at the 10 m/s free stream
(panel (a)). Under integrated control (panel (b)), these deficits are visibly reduced: T3, TS5, and T10 recover to 10 m/s, and
T7 increases to 9.9 m/s. Panel (c) indicates that wake mitigation is achieved primarily through crosswind repositioning, while
farm-level power tracking is enforced through distributed per-turbine derating and net-yaw offsets. Notably, T4, T6, and T9,
located in free-stream inflow and with minimal downstream influence, also apply large yaw offsets, reflecting yaw’s dual
role: it generates lateral repositioning forces and reduces the turbine’s own power, thereby decreasing wake overlap while
simultaneously contributing to regulation.

For inflow from the lower-left (Fig. 10(d)—(f)), the aligned wakes under greedy control produce pronounced deficits at T2,
T4, T6, T8, and T10, with annotated inflows of 7.2, 7.3, 7.8, 8, and 8.8 m/s, respectively (panel (d)). Under integrated control,
the inflow to these waked turbines increases to 8.1, 8, 8.6, 8.5, and 9.2 m/s (panel (e)). Consistent with the small orange bars
in panel (f), crosswind repositioning is limited for this inflow direction; consequently, the controller relies on wake steering
together with per-turbine derating to simultaneously reduce wake overlap and regulate farm-level power.

As discussed in Sect. 3.2.2, when yaw-based control and power derating are applied simultaneously to the same turbine in
the present study, the power of the yawed turbine is evaluated by applying the correction P; <— P;(cosf;)P? to the derated
power, where pp = 1.88 (Gebraad et al., 2016). However, this representation remains approximate. Recent studies indicate
that, for a yawed turbine, the power depends on the yaw angle, the thrust coefficient, and the control strategy governing the
rotor, rather than being described by a single constant cosine-law exponent (Heck et al., 2023; Tamaro et al., 2024). Therefore,

the combined effect of yaw misalignment and power derating is not fully captured by the present model.
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Figure 10. Representative power-regulation results at an inflow speed of 10 m/s for two inflow directions. Panels (a)—(c) correspond to wind
from the left with P..f = 32 MW, and panels (d)—(f) correspond to wind from the lower-left with P, = 27 MW. For each case, panels (a)
and (d) show the hub-height wind-speed field under greedy control, and panels (b) and (e) show the corresponding field under integrated
control. Color denotes wind speed (red: near free-stream; white/blue: wake deficits), and the numbers annotated near each turbine indicate
the corresponding local turbine inflow velocity. Panels (c) and (f) summarize the integrated control solution with per-turbine bar plots of net
yaw angle, derating level (5 MW — Psct ;)/5 MW, and crosswind displacement. In the left-inflow case, the controller leverages the available
crosswind mobility to reposition turbines and alleviate wake overlap, while using distributed derating and associated yaw-induced power
reduction to satisfy the farm-level power reference. With limited crosswind mobility in the lower-left inflow case, the controller relies on

wake steering, together with distributed derating, to reduce wake overlap while tracking the farm-level power reference.

To further assess the impact of this modeling limitation, we considered a restricted benchmark using the mixed operation
model in FLORIS, in which each turbine was allowed to use either yaw-based control or power derating, but not both simultane-
ously. For the two representative cases considered here, the restricted benchmark still achieved the farm-level power-regulation
objective while mitigating wake overlap, with results similar to those of the unrestricted integrated case. The detailed results

are therefore omitted here for brevity.
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Overall, these cases show that the controller maintains reliable farm-level tracking via distributed derating and yaw-induced

power reduction while adaptively using wake steering and turbine repositioning to reduce wake overlap.

5 Conclusions

This paper proposed an integrated control method for floating offshore wind farms (FOWFs) with reconfigurable layouts, uni-
fying turbine repositioning, wake steering, power derating, and Helix wake mixing within a single framework. The controller
operates in two modes: power maximization, where the objective is to increase total farm output, and power regulation, where
the objective is to track a prescribed farm-level reference while mitigating wake interactions. The control problem was formu-
lated as a nonlinear nonconvex optimization problem. Farm-level aerodynamic performance was evaluated using the FLORIS
engineering wake model augmented with a steady-state turbine position solver, and the resulting optimization was solved
numerically using a genetic algorithm.

Simulation studies demonstrated that the proposed controller successfully achieves these objectives. In power maximization
mode, it delivered up to 6.5% higher total power compared to baseline operation, with the corresponding conservative lower-
bound benchmark still achieving up to 6.1% improvement. In power regulation mode, it simultaneously tracked the prescribed
farm-level reference and mitigated wake overlaps. The results further revealed how the integrated approach adapts to different
wind conditions: in maximization mode, the controller prioritizes turbine repositioning when crosswind mobility is feasible,
shifting adaptively to wake steering and Helix wake mixing when mobility is restricted. In regulation mode, it achieves refer-
ence tracking through power derating and yaw-induced power reduction, while coordinating turbine repositioning and wake
steering to reduce wake interactions.

Overall, these findings demonstrate that coordinating multiple control strategies (turbine repositioning, wake steering, power
derating, and Helix wake mixing), rather than applying them in isolation, can significantly improve energy capture and enhance
operational flexibility in FOWFs. This work highlights the potential of integrated control frameworks to overcome the limita-
tions of standalone methods and to support the broader deployment of floating offshore wind energy. Potential future research
directions include higher-fidelity assessment of cases where multiple control actions are applied together on the same turbine,
as well as extension of the present framework toward control codesign. In particular, future work should further validate cases
in which yaw-based control is applied together with Helix wake mixing or power derating on the same turbine, using higher-
fidelity simulations such as large-eddy simulations, since such same-turbine combined operation has not yet been validated
in the present study. Although the additional benchmark cases in this study support the main qualitative conclusions when
these actions are not assigned together to the same turbine, further work along these directions would strengthen confidence
in the quantitative predictions for the unrestricted integrated-control cases. In addition, the present framework can be extended
toward control codesign: rather than assuming an FOWF is already installed, mooring system configurations could be opti-
mized to ensure that at least a subset of turbines retains mobility under any wind condition, thereby further improving overall
farm performance. Progress in these directions would further enhance the operational efficiency and economic viability of

next-generation offshore wind energy systems.
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